Abstract Occupational vinyl chloride monomer (VCM) exposure can induce Raynaud's phenomenon (RP). However, not all VCM workers developed RP, which suggests an underlying genetic susceptibility. Genetic polymorphisms of glutathione S-transferases (GSTs), involved in VCM metabolism, have been shown to influence certain VCM-related health effects. We have conducted a case-control study of 58 subjects with RP along with 247 subjects without RP, from a population of 305 French workers exposed or formerly exposed to VCM, to assess any association between GST M1 and GST T1 gene polymorphisms, either separately or in combination, and the presence of RP. None of the GST M1 or GST T1 genotypes were significantly associated with the presence of RP among studied VCM workers. A combination of positive genotypes for both GST M1 and GST T1 was significantly associated with RP presence, compared to the other combinations of genotypes (OR=2.1, 95% CI=1.1-3.8). OR adjusted for age, smoking status, alcohol consumption and history of treated hypertension did not reach significance (OR=2.0, 95% CI=0.9-5.2). None of the GST M1 and GST T1 genotypes seem to contribute separately to the presence of RP, suggesting that they are not, when taken alone, a major determinant of interindividual variability for VCMinduced PR. However, the combination of both positive GST M1 and GST T1 genotypes appears to contribute slightly to susceptibility to RP in VCM-exposed subjects. Nevertheless, our study-the first to examine the role of a genetic component in the occurrence of RP secondary to occupational exposure to a chemical-corroborates the previous considerations that interaction between the genetic constitution and environmental factors is of importance in determining the health-adverse effects of VCM exposure.
Introduction
Vinyl chloride monomer (VCM) (C.A.S. no. 75-01-4), a colourless gas under ambient conditions, is involved in the manufacture of polyvinyl chloride (PVC), a widely used plastic.
From the beginning of PVC production in the 1930s to the first regulations on the emission of VCM in the working environment in the 1970s, many workers in several countries were exposed by inhalation to high levels of VCM in polymerisation plants.
Exposure to VCM is associated with a multisystem disorder, called VCM disease, which may include hepatic, dermal, vascular, and neurological dysfunctions (Veltman et al. 1975; Suciu et al. 1975 ). VCM exposure is toxic for the vascular endothelium, as shown by angiographic studies of hand arteries and by capillaroscopic examinations (Falappa et al. 1982; Maricq et al. 1976) . VCM exposure can induce Raynaud's phenomenon (RP), characterized by episodic digital vasospasm provoked mainly by cold (Wilson et al. 1967) . The prevalence of RP in VCM workers ranges from 6 to 33% (Veltman et al. 1975; Suciu et al. 1975; Wilson et al. 1967; Carpentier et al. 1985) .
The first cases of RP were recorded in workers called autoclave cleaners, who were lowered into reactor vessels to clean polymer residues stuck to the walls manually; these were usually the highest VCMexposed jobs in PVC-polymerisation plants (Wilson 1967; Harris and Adams 1967; Veltman et al. 1975; Suciu et al. 1975; Maricq et al. 1976; Markowitz et al. 1977) . However, other cases have since been described in VCM-exposed workers who had never been employed for this type of job or who had worked in less exposed workplaces (Black et al. 1986; Walker 1976; Freudiger et al. 1988) .
In one of our previous studies, in a population of male, former VCM-exposed workers employed in the same VCM plant, which was a subset of a French cohort of VCM-exposed workers, we observed that only some workers (9%) showed symptoms of RP, despite similar histories of high or long-term exposure and of presumably similar toxic insults (Fontana et al. 1995) .
Thus, even if the prevalence of RP in the VCMexposed worker population is higher than that of primary RP observed in the general population (usually between 4 and 9% in women, and 3 and 6% in men), not all VCM workers, in particular those who had been exposed to high levels of VCM, developed clinical symptoms of RP.
This leads one to speculate that factors other than exposure levels play a part in the occurrence of observed RP. According to Black et al. (1986) , acroosteolysis and RP are not only due to high exposure but idiosyncrasy seems to be an important factor too. They suggested that susceptibility to symptoms of ''VC disease'' is increased in the presence of human leukocyte antigen (HLA)-DR5 or of genes in linkage disequilibrium with it and an antigen associated with haplotype A1B8, while DR3 favours progression of the disease (Black et al 1986) . However no further studies were identified that would confirm these results. Interindividual variation in the functional activity of metabolizing enzymes involved in VCM metabolism, such as glutathione S-transferases (GSTs), could be another reason.
The GST family is known to be involved in the metabolism of environmental chemical agents, including VCM, playing critical roles in protection against products of oxidative stress and electrophilic compounds (Ketterer 1988; Autrup 2000) . Polymorphisms exist with regard to GST M1 and GST T1 genes, members of the GST supergene family, encoding for two classes of soluble GSTs: mu and theta. Genetic polymorphisms could in part explain interindividual variation in the GST activities. Carriers of GST M1 and GST T1 homozygous inherited deletion genotypes lack the corresponding enzyme activities (Pemble et al. 1994) .
Few human studies have been conducted on the association between GST-gene polymorphisms and VCM-related health effects. Such studies have mainly concerned liver lesions and carcinogenic processes, with none conducted about RP (Huang et al. 1997; Wong et al. 1998 Wong et al. , 2002 Li et al. 2005; Zhu et al. 2005) .
For these reasons, the aim of this study was to investigate the association between GST M1 and GST T1 genotype polymorphisms and the presence of RP secondary to occupational VCM exposure in a French population of VCM-exposed workers or former VCM workers.
Materials and methods

Subjects and VCM exposure
Subjects for study were volunteers from a previously described French cohort of VCM-exposed workers or former VCM workers (Smith et al. 1998) . Studied subjects were all Caucasian males and had worked for at least 1 year in one of seven VCM-polymerisation or PVC-processing plants. All subjects agreed to written informed consent to participate. Two groups were distinguished: the cases were subjects exposed or formerly exposed to VCM, with RP secondary to VCM exposure (n=58; mean age±SD=65.9±7.9 years; mean duration of employment±SD=24.2±8.6 years) and the controls were subjects exposed or formerly exposed to VCM, without RP (n=247; mean age±SD=64.1±7.7 years; mean duration of employment±SD=21.4±8.7 years).
The diagnosis of RP was based on a history of blanching of the digits, or bi-or tri-phasic sequence of colour changes of the digits extended to at least the distal interphalangeal, involving thumbs. Diagnosis of RP secondary to VCM exposure was suggested on the basis of medical history and general physical examination of studied workers. Thus, none of cases showed clinical features suggesting other known causes of RP, such as rheumatic or systemic diseases, conditions causing large-artery diseases, or environmental injury, and, finally, for all cases, the onset of RP features occurred during the VCM-exposed period.
From the beginning of PVC production until the 1970s, exposure to VCM occurred by inhalation in VCM-polymerisation plants and PVC-processing plants. Ambient VCM in the working environment was emitted from the PVC-polymerisation process during opening of polymerisation tanks, PVC unloading, stripping, and drying. The PVC resin was processed by extrusion or calendering for the manufacture of PVC products such as pipes, and thick or thin films. The PVC resin contained significant amounts of residual VCM, which could be released during processing. From 1975 until now, the level of VCM tolerated at VCM and PVC workplaces has been maintained at very low levels in compliance with French and European recommendations.
Cases and controls were interviewed using a structured questionnaire identifying socio-demographic variables, including smoking habits and alcohol consumption, medication, and medical and detailed occupational histories.
Identification of GST M1 and GST T1 genotypes Blood samples were obtained via venipuncture from each of 58 cases and 247 controls and were delivered within 24 h to be processed for the analysis of GST polymorphisms.
DNA was extracted from whole blood or lymphocytes using standard techniques. GST M1 and GST T1 genotypes were then determined by polymerase chain reaction (PCR) using primers and conditions as described by Zhong et al. (1993) and Pemble et al. (1994) respectively. Briefly, the PCR was carried out in an Applied Biosystems 2400 DNA thermal cycler (Apllera, Courtaboeuf, France) as follows: for GST M1 genotyping, samples were subjected to 30 cycles of denaturing (94°C for 10 s), annealing (52°C for 10 s), and extension (72°C for 30 s), with an initial denaturation for 5 min at 94°C and a final extension at 72°C for 5 min. For GST T1 genotyping, samples were subjected to 30 cycles of denaturing (94°C for 1 min), annealing (66°C for 1 min), and extension (72°C for 1 min), with an initial denaturation for 4 min at 94°C and a final extension for 5 min at 72°C.
PCR products were separated on agarose Nusieve-GTG gel (FMC, Rockland, ME, USA) by electrophoresis, stained with ethidium bromide and visualised under ultraviolet light. The expected sizes of amplified products of GST M1, GST T1 and GST M4 (used as an internal control) were 230, 480 and 157 bp (base pairs) respectively (Zhong et al. 1993; Pemble et al. 1994) . Homozygous null genotypes of GST M1 and GST T1 were determined by identifying the negative band for each size (with the simultaneous presence of the positive control); positive bands meant the sample was homo-or heterozygous for the indicated alleles. Two independent readers interpreted the results. Any sample with ambiguity was retested. No discrepancies were discovered upon replicate testing. The genotype with homozygous deletion of the GST genes is called ''GST-null'', whereas the genotype having at least one copy of the gene is called ''GST-positive''.
Statistical analysis
Because environmental monitoring data were not available before the discovery of the carcinogenic effects of VCM at the end of the 1970s, and for some plants until the 1980s, exposure had to be estimated. Cleaning of reactors, PVC slurry drying and PVC powder packing, maintenance, control and development laboratories were probably the highest VCMexposed jobs or environments. However, it was assumed that, during the same period, all workers were more or less exposed to the same level of VCM.
The VCM-exposure estimations used for the analysis were based on:
• Duration of employment in a VCM-plant, expressed as years • Duration of employment before the year 1975, considered as highest-exposure period, expressed as years • Cumulative VCM exposure, expressed as ppm (parts per million)-years. For the period before the year 1975, we used the estimated exposure levels of Heldaas et al. (1984) . For the period from the year 1975, the cumulative exposure was based on recommended French VCM limit values.
Chi-square test, Fisher's exact test and student's t test were used to compare the differences in basic characteristics between the group of subjects with RP J Hum Genet (2006) 51:879-886 881 and the group of subjects without RP. A P value <0.05 was regarded as statistically significant. To assess the individual effect of potential risk factors on the presence of RP and to estimate crude odds ratio (OR), GST genotypes, combination of GST genotypes, and VCM-exposure level estimates (duration of employment, duration of employment before 1975, cumulative exposure) were included in the univariate analysis. To investigate the joint effect of VCM exposure and GST M1, GST T1 genotypes, and the combinations of GST genotypes, stratified analyses by VCM-exposure levels (duration of employment, duration of employment before 1975, cumulative exposure) were used. Because of the small size of the case group, it was not possible to distinguish more than two exposure groups in the analysis. Thus, for each exposure estimation, two exposure categories were defined and the median of the distribution of the exposure variable among the 305 studied subjects as a cut-off point between lowest and highest exposures was used: 23 years for duration of employment, 17 years for duration of employment before 1975, and 7,700 ppm for cumulative exposure. Subsequently, a multiple logistic regression model was used to estimate the effect on the adjusted ORs of the presence or absence of RP and of the above studied factors, genotypes of GST M1 and GST T1, combination of genotypes, VCM-exposure level estimations (duration of employment, duration of employment before 1975, cumulative exposure) and the effect of confounding factors. ORs were adjusted based on recognised risk factors for RP including age and smoking status. Although alcohol consumption did not turn out to be a significant RP risk, it was implemented into the model to allow a comparison with common VCM models used in literature (Huang et al. 1997; Wong RH et al. 2002) . The model included history of treated hypertension because (1) the prevalence of condition was significantly different between the RP case group and the control group (22.3 vs. 11.4%), (2) hypertensive disease is a condition that may be associated with RP, and (3) certain antihypertensive drugs, such as beta-blockers, may induce RP (Grassi et al. 1998; Williams et al. 2004 ). The GST-null genotypes and the lowest VCM exposures were used as the reference categories for statistical analyses (Huang et al. 1997) . Statistical analyses were performed using the PC Statistical Analysis System software (SAS Institute, Cary, NC, USA).
Results
The basic characteristics of the 305 studied VCM workers are summarized in Table 1 . The group of VCM workers with RP had a statistically significant higher prevalence of history of hypertension compared to the group of VCM workers without RP (13/58 vs. 28/ 247). There was a statistically significant higher estimated VCM exposure among the group of VCM workers with RP compared to the group without RP, irrespective of the exposure estimation method adopted, i.e. duration of employment, duration of employment before 1975, and cumulative exposure. Otherwise none of the other characteristics were statistically different between these two groups, especially with regard to age.
The frequencies of positive genotypes (wild-type) of GST M1 and GST T1 in the total studied population (n=305), were 37.7 and 80.7% respectively. These frequencies were 46.6 and 84.5%, in the group with RP (n=58), and, in the group without RP (n=247), 35.6 and 79.8%.
The results of univariate analysis are shown in Table 2 . None of the GST M1 or GST T1 genotypes were significantly associated with the presence of RP among studied VCM workers. The combination of positive genotypes for both GST M1 and GST T1 was significantly associated with RP presence, compared to the other combinations of genotypes (OR=2.1, 95% CI=1.1-3.8). No other genotype combinations showed any significant combined effects on RP prevalence (data not shown). Using VCM exposure <23 years of duration of employment as a reference, the OR was statistically significantly higher for individuals with estimated VCM exposure ‡23 years (2.11; 95% CI=1.16-3.83). Using the other estimations of exposure, duration of employment before 1975 and cumulative exposure, ORs were also higher for the workers subjected to a higher VCM exposure, but not significant. Stratified analysis revealed that in the lowest VCMexposure group (<23 years of duration of employment in VCM industries), the frequency of GST M1-positive genotype and the frequency of GST T1-positive genotype were higher in subjects with RP, compared with GST M1-null genotype (1.4, 95% CI=0.5-3.5) and GST T1-null genotype (2.4, 95% CI=0.5-10.8) respectively, used as the reference categories (data not shown). In the highest VCM-exposure group ( ‡23 years of duration of employment in VCM industries), only the frequency of GST M1-positive genotype was not significantly higher in subject with RP, compared with GST M1-null genotype (1.8, 95% CI=0.8-3.8), used as the reference category (data not shown). The frequency of positive genotypes for both GST M1 and GST T1 was higher in subjects with RP, compared to the other combinations of genotypes used as the reference categories, in the highest VCM-exposure group ( ‡23 years of duration of employment in VCMindustries) (OR=2.10, 95% CI~1.0-4.53) and in the lowest VCM-exposure group (<23 years of duration of employment in VCM-industries) (OR=2.0, 95% CI=0.8-5.4) (data not shown). However, all these results were not significant. Using the other estimations of exposure, duration of employment before 1975 and cumulative exposure, the results were similar and not significant.
Finally, multivariate analysis revealed exposure-level expressed as duration of employment in VCM industries (<23 vs. ‡23 years), independently of GST M1 and GST T1 genotypes, to be associated with an increased OR for RP (OR=2.1, 95% CI=1.1-3.8) (data not shown). Combination of positive genotypes for both GST M1 and GST T1 was associated with RP presence but adjusted OR did not reach significance (OR=2.0, 95% CI=0.9-5.2) (data not shown).
Discussion
First of all, in our series, frequencies of GST M1 deletions of 62.3% and of GST T1 deletions of 19.3% in all populations, and of 64.4 and of 20.2% respectively in the control group, are close to (slightly higher than) those found in a French population including male and female subjects: 53.4% for GST M1 (n=1,184), 16.8% for GST T1 (n=512); and those found in a male Caucasian population, 52.6% for GST M1 (n=6,015) and 18.1% for GST T1 (n=3,181) (Garte et al. 2001) . These findings, to some extent, validate the technique of our genotyping.
In this study, we attempted to determine whether or not polymorphisms of GST M1 and GST T1 may be a reason for genetic susceptibility to secondary RP with VCM exposure.
In the univariate analysis, no studied GST genotype was found to have a statistically significant effect on RP status among VCM workers. Because the metabolism of VCM may differ at different concentrations, stratified analysis was then used to explore the association between the presence of RP and the genotypes among the VCM workers exposed to different levels of VCM. Indeed, in animals, at low levels of exposure, VCM is metabolized in the liver by alcohol dehydrogenase (ALDH2) to form mainly monochloroacetic acid, which is excreted in the urine, and two highly reactive metabolites: chloroethylene oxide (CEO) and chloroacethaldehyde (CAA) (Tamburro 1984; Guengurich et al. 1981) . At higher exposures, VCM is transformed by the cytochrome P450 2E1 (CYP 2E1) into CEO and CAA (Tamburro 1984; Guengurich et al. 1981) . These two compounds are detoxified .6) mainly through glutathione (GSH) conjugation directly or enzymatically via GSTs, resulting in the excretion of urinary metabolites (Lewis 1999; Tamburro 1984) . Finally, VCM may be directly metabolized by GSTs to conjugate with GSH (Hefner 1975) . In humans, Huang et al. (1997) observed that the OR for Taiwanese individuals with positive GST T1 occupationally exposed to a high level of VCM on abnormal alanine aminotransferase (ALA) was 0.6 times that of individuals with null GST T1 at low exposures. The OR for individuals with positive GST T1 at lower exposures on abnormal ALA was 7.1 times higher than individuals with null GST T1 at lower exposure (Huang et al. 1997) . No association was found with GST M1 genotypes (Huang et al. 1997) . The same researchers reported later that, in the lowexposure group, non-null GST T1 was associated with an increased risk of p53 overexpression compared with null GST T1 (Wong et al. 2002) . In the high-exposure group, p53 overexpression did not differ between nonnull and null genotypes, although they had a higher risk of p53 overexpression as compared with GST T1 null in the low-exposure group (Wong et al. 2002) . For these authors, the possible explanation is the limited capacity of VCM metabolism through GST T1 (Wong et al. 2002) , and they suggest that VCM may mainly be metabolized directly by GST T1 at low concentrations (Wong et al. 2002) . Our stratified analysis on exposure showed that GST T1 positive genotype frequency was higher in VCM workers with RP at lowest exposures, and GST M1 positive genotype frequency was higher in VCM workers with RP at lowest exposures. However, these results were not significant.
Thus, GST M1 and GST T1 polymorphisms do not seem to contribute separately to the presence of secondary RP with VCM exposure. Other enzymatic systems are involved in the metabolism and toxicity of VCM, and they could have a more important role or interact with each other, masking the individual effect of GSTs or influencing the impact of their activity. A previous analysis of another sample from the same French cohort of VCM workers, exposed to VCM in similar conditions, focused on the modifying role of polymorphic GST M1, GST T1 and GST P1 on the occurrence of mutant p53 biomarkers of VCM-induced genetic damage (Li et al. 2005) . GST M1-null and GST T1-null genotypes were found to have a number of nonsignificant effects, whereas they significantly interacted with DNA repair protein genotypes (X-ray crosscomplementing-1 protein, XRCC1) to increase the occurrence of the biomarker (Li et al. 2005) .
The main significant finding of our study was that the frequency of positive GST M1 and GST T1 genotypes together was higher in VCM workers with RP compared with VCM workers without RP. However, after controlling for other sources of variability, this association did not reach significance in the multivariate analysis. The role of GST enzymes in VCM metabolism, protective or not, remains controversial, and as noted above, may depend on VCM concentrations. Protective roles have been described in animal studies (Tamburro 1984; Guengurich et al. 1981) . In humans, Huang et al. (1997) observed a protective role for Taiwanese individuals with positive GST T1 who were occupationally exposed to a high level of VCM. Recently, a study on the relationship between liver lesions and gene polymorphisms of metabolic enzymes in Chinese VCM-exposed workers showed that GST T1 non-null genotype protected the workers from exposure to low levels of VCM (Zhu et al. 2005) .
On the other hand, Wong et al. (1998 Wong et al. ( , 2002 suggested that GST T1, at low exposure, may be involved in VCM activation to form toxic intermediates, demonstrating a substantial mutagenic activity and hepatotoxicity (Wong et al. 1998 (Wong et al. , 2002 .
Moreover, GSH conjugates, produced directly or after catalysis by GSTs, have been suggested to contribute to activation and then to toxicity of some chemicals (Hefner et al. 1975) . In an experimental study, the GSH conjugation of dihalomethanes, such as dichloromethane, which have a similar chemical structure to VCM, has been clearly demonstrated to result in genotoxicity (Thier et al. 1993) . Garnier et al. (1996) reported, after acute inhalation exposure to methyl bromide involving two workers, the GST T1-positive worker showed signs of severe neurotoxicity, whereas the second worker, with GST T1-null genotype, developed only mild neurotoxic symptoms. The activation of methyl bromide to methylglutathione and thereafter to neurotoxic metabolites was suggested as occurring only in the GST T1-positive subject (Garnier et al. 1996) . Finally, individuals with genotypes positive for both GST T1 and GST M1 showed the highest prevalence of low white blood cells when estimated occupational benzene exposure was high (Hsieh et al. 1999) .
There are probably important differences between the classes of GSTs in localisations, in catalytic activities due, for example, to the substrate specificity, chemical affinity or structure, which might explain differences in activity, leading to different clinical or biological features.
Our results indicate that GST T1 and GST M1 might work together with subsequent increased production of conjugated compounds, and the biological plausibility would involve a vulnerability of vascular endothelium to the toxic effects of GSH-conjugated intermediates. It is well known that arsenic exposure also leads to a variety of vascular diseases, including RP. Recently, Hirano et al. suggested that glutathione conjugates of arsenic are toxic in rat heart micro-vessel endothelial cells (Hirano et al. 2004) . In many studies, endothelial damage has probably occurred because several studies have documented vascular injury and microvascular lesions in CVM disease (Suciu et al. 1975; Fallappa et al. 1982; Maricq et al. 1976; Freudiger et al. 1988) . However, to date, no experimental endothelial toxicity of any VCM metabolites, whether conjugated or not, has been documented.
To the best of our knowledge, there have been few genetic investigations into primary or secondary RP. RP is commonly observed in connective tissue diseases. Some of them are known to occur in genetically susceptible patients, mainly linked to human leukocyte antigen (HLA), influenced by environmental factors (Uhm et al. 2002) . However, the precise genetic factors that could affect the presence of RP in these diseases have not yet been identified. A genetic susceptibility in primary RP has been suggested, based mainly on family aggregation observations and on results providing evidence of the presence of genes that are involved in susceptibility to primary RP (Susol et al. 2000) . However, it is unknown whether primary RP is a monogenic or an oligogenic disease and whether the genetic basis varies among individuals (Susol et al. 2000) . Recently, a twin study identified phenotypic associations among four conditions characterised by blood vessel occlusion or vascular spasm, including hypertension, Raynaud's phenomenon, migraine and coronary artery disease (Williams et al. 2004) . It showed that the association is explained by a single common genetic factor (Williams et al. 2004 ). However, according to the authors, the difficulty is in establishing which genes are responsible (Williams et al. 2004 ). Finally, Miller et al. (2003) provided some limited evidence that GST M1 and GST T1 polymorphisms modify the effect of smoking on some markers of endothelial function. To our knowledge, our study is the first to examine the role of a genetic component in the occurrence of RP secondary to occupational exposure to a chemical and to evoke a possible gene-environment interaction.
In conclusion, our results tend to indicate that GST M1 and GST T1 genotypes are not, when taken alone, a major genetic determinant of interindividual variability for VCM-induced RP. However, the combination of both positive GST M1 and GST T1 genotypes appears to contribute slightly to susceptibility to RP in VCM-exposed subjects. This finding is intriguing but, because it is based on a relatively small number of RP cases and since no previous studies on the potential role of VCM-metabolism enzyme genetic polymorphisms in the development of RP among VCM workers have been published, this result should be considered with caution until it is confirmed in future studies. Nevertheless our findings corroborate the previous considerations that interaction between genetic constitution and environmental factors is of importance in determining the health-adverse effects of VCM exposure.
